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Ma, Chang Ming (Charlie) 
 
INTRODUCTION:  
This is the final report of this project, which includes the research results in the last-year report 
(prepared for the no-cost extension) and new results for the approved extension period from July 1, 
2012 to the end of June 30, 2013. The major reason for the project delay was because of the delay of 
the animal protocol approval. The animal experiments were carried out successfully after the animal 
protocol was approved. 
 
There have been encouraging findings from in vitro studies in the past decades on the non-thermal (< 
42 ºC) cell killing effect of HIFU, which resembles high linear energy transfer (LET) radiation cell 
damage that is not affected by the local biochemical environment and shows less radiation resistance 
[1-5]. However, there have been no in vivo animal studies performed on non-thermal HIFU to 
demonstrate its therapeutic potential. This was due to the lack of accurate HIFU treatment systems for 
small animal models. Advanced imaging systems will be required to determine the gross tumor volume, 
to plan the HIFU treatment, to monitor the treatment process, and to assess the treatment outcome in 
order to maximize the therapeutic effect of non-thermal HIFU on tumor cells and to minimize 
unnecessary damage to normal tissues. The purpose of this project is to demonstrate the therapeutic 
potential of non-thermal HIFU in vivo using an animal model by comparing it with well established 
treatment modalities such as radiation therapy. 
 
BODY:  
This project had two approved specific aims: (1) to determine if non-thermal HIFU can cause 
significant tumor growth delays in vivo as compared to radiation therapy using an animal breast cancer 
model, and (2) to determine potential normal tissue toxicities, if any, associated with non-thermal 
HIFU treatment for breast cancer. There were three approved tasks for this project: (1) Determine MRI 
and HIFU parameters for MRgFUS treatment of breast cancer under non-thermal conditions, (2) 
Perform MRgFUS and radiation treatments of breast cancer using a mouse model, and (3) Analyze 
experimental results to establish whether non-thermal HIFU provides sufficient tumor growth 
inhibition compared with radiation. 
 
In this project, we have employed a commercial HIFU system (InSightec ExAblate 2000) with a 1.5T 
MR scanner to perform real-time, MR image-guided non-thermal HIFU treatment on a mouse model 
with solitary breast tumors. MR guided HIFU enables the selection of the optimal ultrasound beam 
path prior to each sonication and localization of the ultrasound focal zone with sub-millimeter accuracy. 
The tissue temperature can be monitored by MR thermometry during each sonication to ensure non-
thermal HIFU treatment. Based on Task (1) a series of pilot experiments has been successfully carried 
out on both an acoustic phantom and mice implanted with human breast cancer cells (MCF-7) to 
determine HIFU parameters including the ultrasound frequency, acoustic power, acoustic energy, and 
pulse width under the MR guidance. Figure 1 shows combinations of acoustic power and ultrasound 
duration that resulted in safe temperature elevation in the acoustic phantom. These results have been 
used to guide the selection of ultrasound parameters for the in vivo experiments in Task (2) and in 
other experiments using the same HIFU system. Some results of this study have been published in a 
paper of Chen et al (2012) (see Appendices). 
 
We first carried out a study to quantify the delineation accuracy using the 1.5 T MR imaging system by 
comparison with the contours drawn using a 7 T Bruker MR system (see Figure 2). The results clearly 
demonstrated that the clinical 1.5 T MR system is sufficient for our study while commonly used 
caliper measurements with simple calculation methods were less accurate for measuring internal 
organs and structures (see Figure 3). Caliper measurements have been used successfully for superficial 
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Figure 7: Relative tumor volumes. Compared with the control group, Significant tumor 
growth delay was observed in the tumor-bearing mice treated with pHIFU with P=0.034, 
P=0.005 and P=0.017 at 1 week, 3 weeks and 4 weeks post-treatment respectively. 
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(107), MCF-7 line were injected subcutaneously in the flanks of the female mice (n = 12). When 
tumors reached the volume of 78 ± 28 mm3 as measured on MRI, the tumor-bearing mice (n = 6) were 
treated with pHIFU (1 MHz frequency; 25 W acoustic power; 0.1 duty cycle; 60 sec duration). A total 
of 4-6 sonications were used to cover the entire tumor volume under MR image guidance. The animals 
were allowed to survive for 4 weeks after the treatment. The tumor volume was measured on MRI 
weekly post treatment and was compared with that of the control group (n = 6). Significant tumor 
growth delay was observed in the tumor-bearing mice treated with pHIFU. The mean tumor volume 
for the pHIFU treated mice grew 3%, 1.7%, 11% at 1 week, 3 weeks and 4 weeks after the treatment, 
respectively, while the mean tumor volume of the control mice grew 25%, 41% and 48%, respectively, 
over the same time periods. Statistical analyses yielded p values P=0.034, P=0.005 and P=0.017 at 1 
week, 3 weeks and 4 weeks post-treatment respectively. Figure 7 shows tumor growth delay based on 
these experiments. For radiation treatment, the average tumor grow delay was about 40% (not shown 
in the figure) after a 2Gy radiation treatment while the non-thermal HIFU treatment here represented a 
tumor growth delay of equivalent to 4-8Gy radiation treatment. Our results clearly demonstrated that 
non-thermal pHIFU has a great potential for cancer therapy. Further experiments are needed to 
understand the cell killing mechanisms of pHIFU and to derive optimal ultrasound parameters and 
fractionation schemes to maximize the therapeutic effect of pHIFU.  
 

 
KEY RESEARCH ACCOMPLISHMENTS:  

• Established an effective animal model to study non-thermal HIFU treatment of breast cancer. 
• Determined suitable ultrasound parameters for non-thermal HIFU treatments using in vivo 

animal models. 
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• Demonstrated the measurement accuracy for tumor growth delay studies. 
• Tested the experimental procedures for the in vivo study. 
• Tested the imaging/histo-pathological methods to study the mechanisms of the non-thermal 

HIFU effect and its associated toxicities.  
• Demonstrated the non-thermal effect of pulsed HIFU that may be further developed for cancer 

treatment.  
 

REPORTABLE OUTCOMES:  
• 1 paper published, 2 abstracts accepted for oral presentation at the national and international 

conferences. 
• Established an animal model for breast cancer for non-thermal HIFU study.  
• Demonstrated the non-thermal effect of pulsed HIFU that may be further developed for cancer 

treatment (a manuscript is being prepared for publication in Med Phys).  
 
CONCLUSION:  
We completed our Task (1) in the first year to determine suitable ultrasound parameters for the non-
thermal HIFU treatment of superficial breast tumors and the techniques to evaluate the tumor volume 
accurately for the tumor growth delay study. We also completed our Task (2) to perform MRgFUS and 
radiation treatments of breast cancer using a mouse model, and Task (3) to analyze experimental 
results to establish whether non-thermal HIFU provides sufficient tumor growth inhibition compared 
with radiation. Our results clearly demonstrated the non-thermal effect of pulsed HIFU; the cell killing 
effect of a 1 min pHIFU treatment under the regular HIFU treatment conditions (1 MHz frequency; 25 
W acoustic power; 0.1 duty cycle; 60 sec duration) was equivalent to that of 4-8Gy linac radiation. 
Based on our results, further feasibility studies and/or preclinical animal studies are warranted to 
determine optimal HIFU treatment parameters for human treatments and to quantify normal tissue 
toxicities associated with non-thermal HIFU treatments. 
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Non-Thermal Effect of Pulsed High-Intensity Focused Ultrasound – an in Vivo Study 

C-M Ma, D Cvetkovic, XM Chen, R Gupta and L Chen 
 
Introduction: Extensive studies have been carried out on MR guided focused ultrasound (MRgFUS) 
for ablative therapy and drug enhancement for gene therapy and chemotherapy by many investigators 
and in our institution. In this work we have conducted in vivo animal experiments to explore the 
feasibility of pulsed high-intensity focused ultrasound (pHIFU) for non-thermal cancer therapy. 
Methods: Phantom studies were first carried out to obtain suitable US parameters for non-thermal 
(below 42° C) sonications using an InSightec ExAblate 2000 system with a 1.5T GE MR scanner. 
Different combinations of acoustic powers and duty cycles were investigated, keeping the temperature 
below 42° C as measured by real-time MR thermometry. Nude mice with implanted (LNCaP) prostate 
and (MCF-7) breast cancers were treated with pHIFU (1 MHz; 5 & 25 W acoustic power, 0.1 & 0.5 
duty cycle; 60 sec duration). The animals were allowed to survive for 4 weeks after the treatment. The 
tumor growth was monitored on a 7T MR scanner and compared with the control group. 
Results and Discussion: Significant tumor growth delay was observed in the mice treated with pHIFU. 
The mean tumor volume for the pHIFU treated mice was 30% and 65% smaller than that of the control 
mice for 5 W/0.5 duty cycle and 25 W/0.1 duty cycle treatment settings, respectively. Histology 
analyses performed at different time points after the pHIFU sonication indicated non-ablative cell 
damage together with apoptotic/mitotic cell deaths.   
Conclusion: These in vivo experiments demonstrated that non-thermal pHIFU has a great potential for 
cancer therapy. Further experiments are needed to derive optimal ultrasound parameters and 
fractionation schemes to maximize the therapeutic effect and to investigate normal tissue toxicities.  
Acknowledgements: This study was supported in part by grants DOD PC073127 and DOD BC102806. 
Technical support from InSightec is acknowledged. 
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MR guided Non-Thermal Pulsed High Intensity Focused Ultrasound Therapy of Breast Cancer 

in Vivo 
C-M Ma, Xiaoming Chen, Dusica Cvetkovic and Lili Chen 

Purpose: High-intensity focused ultrasound (HIFU) has been investigated for ablative therapy and 
drug enhancement for gene therapy and chemotherapy. The aim of this work is to explore the 
feasibility of pulsed high-intensity focused ultrasound (pHIFU) for non-thermal cancer therapy using 
an in vivo animal model. 
Methods: An InSightec ExAblate 2000 with a 1.5T GE MR scanner was used in this study. Suitable 
ultrasound parameters were investigated to perform non-thermal sonications. Breast tumor cells (107), 
MCF-7 line were injected subcutaneously in the flanks of the female mice (n = 12). When tumors 
reached the volume of 78 ± 28 mm3 as measured on MRI, the tumor-bearing mice (n = 6) were treated 
with pHIFU (1 MHz frequency; 25 W acoustic power; 0.1 duty cycle; 60 sec duration). A total of 4-6 
sonications were used to cover the entire tumor volume under MR image guidance. The animals were 
allowed to survive for 4 weeks after the treatment. The tumor volume was measured on MRI weekly 
post treatment and was compared with that of the control group (n = 6).  
Results: Significant tumor growth delay was observed in the tumor-bearing mice treated with pHIFU. 
The mean tumor volume for the pHIFU treated mice grew 3%, 17%, 11% at 1 week, 3 weeks and 4 
weeks after the treatment, respectively, while the mean tumor volume of the control mice grew 25%, 
41% and 48%, respectively, over the same time periods. Statistical analyses yielded p values P=0.034, 
P=0.005 and P=0.017 at 1 week, 3 weeks and 4 weeks post-treatment respectively. 
Conclusions: Our results demonstrated that non-thermal pHIFU has a great potential for cancer 
therapy. Further experiments are needed to understand the cell killing mechanisms of pHIFU and to 
derive optimal ultrasound parameters and fractionation schemes to maximize the therapeutic effect of 
pHIFU.  
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Quantitative study of focused ultrasound enhanced doxorubicin delivery
to prostate tumor in vivo with MRI guidance

Xiaoming Chen, Dusica Cvetkovic, C.-M. Ma, and Lili Chena)

Department of Radiation Oncology, Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

(Received 29 November 2011; revised 22 March 2012; accepted for publication 5 April 2012;

published 24 April 2012)

Purpose: The purpose of this study was to investigate the potential of MR-guided pulsed focused

ultrasound (pFUS) for the enhancement of drug uptake in prostate tumors in vivo using doxorubicin

(Dox).

Methods: An antitumor drug Dox, an orthotopic animal prostate tumor model using human prostate

cancer, LNCaP cell line, and a clinical FUS treatment system (InSightec ExAblate 2000) with a 1.5T

GE MR scanner were used in this study. First, experiments on a tissue mimic phantom to determine

the optimal acoustic power and exposure durations with a 10% duty cycle and a 1 Hz pulse rate were

performed. The temperature variation was monitored using real-time MR thermometry. Second,

tumor-bearing animals were treated with pFUS. There were three groups (n¼ 8/group): group 1

received pFUSþDox (10 mg/kg i.v. injection immediately after pFUS exposure), group 2 received

Dox only (10 mg/kg i.v. injection), and group 3 was a control. Animals were euthanized 2 h after the

pFUS treatment. The Dox concentration in the treated tumors was measured by quantifying fluores-

cent tracers using a fluorometer. Third, the histological changes of tumors with and without pFUS

treatments were evaluated. Finally, experiments were performed to study the spatial drug distribution

in tumors after the pFUS treatment, in which two animals received pFUSþDox, two animals received

Dox only, and one animal was used as control. Two hours following the treatment, animals were eu-

thanized and processed. The Dox distribution was determined using a fluorescence microscope.

Results: Parametric measurements using a tissue phantom showed that the temperature increased

with an increasing acoustic power (from 10 to 50 W) or sonication duration (from 10 to 60 s) with a

given acoustic frequency of 1 MHz, duty cycle 10%, and pulse rate 1 Hz. A set of ultrasound

parameters was identified with which the temperature elevation was less than 5 �C, which was used

for nonthermal pFUS sonication. Increased Dox concentration (14.9 6 2.5 lg/g) was measured

in the pFUS-treated group compared to the Dox-only group (9.5 6 1.6 lg/g), indicating an approxi-

mate 60% increase with p¼ 0.05. The results were consistent with the increased spatial drug

distributions by fluorescence imaging. Histological analysis showed increased extravasation in

pFUS-treated prostate tumors suggesting increased drug delivery with pFUS.

Conclusions: The results showed that pFUS-enhanced drug uptake in prostate tumors was significant.

This increased uptake may be due to increased extravasation by pFUS. Optimal pFUS parameters may

exist to maximize the drug uptake, and this study using Dox demonstrated a quantitative method for

such systematic parametric studies. In addition, this study may provide useful data for the potential

application of pFUS-mediated Dox delivery for prostate tumor therapy. VC 2012 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4705346]

Key words: doxorubicin, focused ultrasound, HIFU, prostate cancer

I. INTRODUCTION

Pulsed high-intensity focused ultrasound (pFUS) is able to

create acoustic cavitation (microbubbles) in the focused

region of tissues. It has been suggested that these microbub-

bles can increase the permeability of the local vascular wall

and cell membrane.1–3 It is also suggested that radiation

force may induce local tissue dilation and thus widen the in-

terstitial space to enhance the interstitial transport.3,4 Con-

ventionally used for thermal ablation, high-intensity focused

ultrasound was recently explored as a technique to enhance

local drug delivery to tissues by using the pulse mode with

low acoustic powers and duty cycles, which will maintain

an insignificant local temperature elevation thus avoiding

thermal damage. For simplicity, the term “nonthermal” is

used in this work to refer to this safe temperature working

zone of pFUS in contrast to thermal ablation. With pFUS,

energy is delivered and focused to the treatment target by

ultrasound waves without invasion to normal tissues. With

the guidance of magnetic resonance imaging or diagnostic

ultrasound, accurate targeting can be achieved. Previous

experiments on small animals have demonstrated that

focused ultrasound exposure can enhance the delivery of dif-

ferent agents into tumors4–8 or disrupt the local blood–brain

barrier in a reversible way.9,10 For example, Dromi et al.6

used pFUS-induced mild temperature elevation (4–5 �C)

to trigger Dox-loaded low-temperature-sensitive liposomes

and thus enhance the delivery of doxorubicin (Dox) in a

2780 Med. Phys. 39 (5), May 2012 0094-2405/2012/39(5)/2780/7/$30.00 VC 2012 Am. Assoc. Phys. Med. 2780

13



mouse mammary tumor model. Hancock et al.4 showed the

enhanced delivery of a variety of fluorophores in the calf

muscle of mice when combined with pFUS exposure, while

Hynynen et al.9 investigated the local and reversible blood–

brain barrier disruption by noninvasive pFUS and looked at

the suitable acoustic parameters for trans-skull sonications.

These preliminary studies used custom ultrasound devices

that were tested in different animal tumor models. Although

the results are promising, the translation of these techniques

to clinical application requires extensive studies. Detailed

studies are still necessary to examine the potential clinical

applications of pFUS on other drugs and tumor types. Inves-

tigations of optimal pFUS parameters are also critical in

order to maximize the enhancement of therapeutic agent

uptake in treated tumor volumes. Developing quantitative

methods to evaluate the pFUS enhancement would be neces-

sary for such a systematic parametric study. Furthermore,

MRI can be used for tumor delineation, treatment planning,

and ultrasound beam placement with 1 mm accuracy. MRI is

also used to monitor the therapeutic effects of pFUS in real

time by monitoring the temperature changes using MR ther-

mometry. The MR-guided pFUS technique is increasingly

accepted and has been integrated in several clinical FUS sys-

tems such as ExAblate 2000 (InSightec Ltd., Tirat Carmel,

Israel) and Sonalleve (Philips Healthcare, Andover, MA).

Animal studies with these clinical devices would be useful

to facilitate future preclinical evaluations.

In this study, Dox was delivered to prostate tumors with

the aid of MR-guided pFUS. Dox has been chosen for this

study as it inherits fluorescent substance that allows us to

evaluate the effects of the pFUS treatment by measuring the

drug concentration in the treated tumor volume quantita-

tively using a fluorometer,11 and the spatial drug distribution

can be viewed by fluorescent imaging. In addition, it is an

anthracycline antibiotic used for treatment of a wide spec-

trum of malignancies including prostate cancers. Clinical

trails of Dox are being conducted for prostate cancers, espe-

cially for hormone refractory diseases.12–14 However, the

effectiveness of Dox is limited due to its high toxicity

and side effects such as alopecia, acute nausea, vomiting,

stomatitis, and suppression of bone marrow.15–17 Accumula-

tive uptake by the heart may cause cardiotoxicity and heart

failure.16 Repeated administration may also lead to strong

multidrug resistance response in tumor cells.18 To reduce its

toxicity and side effects, new strategies were proposed to

reduce the normal tissue uptake or offset the side effects of

Dox. For example, Dox was encapsulated in the liposome to

prolong the circulation time, reduce normal tissue uptake,

and enhance accumulation in tumors.14,19 Treatment regi-

mens combining Dox with other drugs such as sildenafil was

also investigated to offset the side effects of Dox.15 From a

drug delivery viewpoint, enhancing the local uptake of Dox

in prostate tumors would reduce the total dose needed for the

same therapeutic efficacy and, therefore, reduce the toxicity

and side effects.

The purpose of this study was to quantitatively investigate

the effect of MR-guided pFUS on the uptake of Dox in pros-

tate tumors in vivo. An orthotopic animal prostate tumor

model was developed using a human LNCaP tumor cell line

to best mimic a clinical scenario. A clinical FUS system,

Insightec ExAblate 2000, which received FDA clearance for

the treatment of uterine fibroids, was used with a 1.5T GE

MR scanner for MR-guided pFUS treatment. We hypothe-

sized that the enhancement of intratumoral uptake of Dox

may improve tumor growth inhibition without increasing

systemic toxicity or using lower doses to achieve the same

treatment efficacy with reduced systemic side effects. This

quantitative study will test the method for a future systemic

parametric study to maximally enhance the tumor uptake.

The results may also provide important preclinical data for

the use of pFUS as a modality to enhance drug delivery for

the treatment of prostate cancers.

II. MATERIALS AND METHODS

II.A. Study of the pFUS treatment parameters

In order to avoid potential thermal damage, a tissue

phantom study was conducted to evaluate the pFUS-induced

temperature elevation with various acoustic power and soni-

cation duration. An approximately cylindrical tissue phan-

tom (diameter¼�10 cm, length¼�13 cm) provided by the

vendor (InSightec Ltd., Tirat Carmel, Israel) was used. The

experiment setup was similar to the animal experiment

described below (Fig. 1) except that a larger surface coil

FIG. 1. Experimental setup for MR-guided pFUS exposure of prostate tumors in mice. The setup includes an MR scanner, pFUS treatment table, an acoustic

gel pad, and a small RF surface coil. The mouse was in a prone position and the ultrasound beam was delivered from below. A small tissue phantom was also

placed next to the mouse to verify the accuracy of the focal ultrasound delivery before treatment.
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(diameter¼�15 cm) and a tissue phantom were used. The

tissue phantom was manufactured by ATS Labs, Inc.

(Bridgeport, CT) with acoustic properties similar to those of

human soft tissue (the attenuation coefficient¼ 0.503 dB

cm�1 MHz�1; speed of sound¼ 1538 MPS; estimated spe-

cific heat¼ 2.684 cal/g). With the given duty cycle of 10%,

pulse rate 1 Hz, and acoustic frequency 1 MHz, the phantom

was sonicated with various acoustic powers ranging from 10

to 50 W and sonication durations ranging from 10 to 60 s in

10 W and 10 s increments, respectively. The temperature

elevations in the focal zone were measured for each pair of

parameters (i.e., acoustic power and sonication duration)

using MR thermometry, which is a machine built-in software

function. The relation of the temperature elevation to acous-

tic power and exposure duration was plotted by bilinearly

interpolating the measured data.

II.B. Orthotopic prostate tumor model

An animal prostate tumor model was developed by

implanting human prostate cancer LNCaP cells in the pros-

tates of nude mice. The cells were obtained from the American

Type Culture Collection (ATCC) and cultured in Dulbecco’s

modified Eagle’s medium (DMEM)-F12 medium, containing

10% fetal bovine serum (FBS), 1% L-glutamine, and 1%

penicillin–streptomycin as described previously.8,20 Male

athymic Balb/c nude mice (6 weeks old) were purchased from

Harlan (Indianapolis, IN). Animal studies were carried out in

compliance with a protocol approved by the Institutional Ani-

mal Care and Use Committee (IACUC) of Fox Chase Cancer

Center (FCCC). Aseptic techniques were used for injection of

LNCaP cells in the prostates of nude mice as described previ-

ously.8 Nude mice were anesthetized using methoxyflurane. A

lower midline incision was made above the presumed location

of the bladder. The dorsal prostate lobes were exposed and

1� 106 LNCaP cells in 25 ll volume were injected with a

30-gauge needle. The incision was sealed by suturing the mus-

cle layer and using two–three wound clips for the skin layer.

Buprenorphine was given immediately after the tumor implan-

tation for pain relief.

II.C. MR-guided pFUS exposure

The prostate tumor volume was monitored weekly after tu-

mor implantation using a 1.5T GE MR scanner (GE Health-

care, Waukesha, WI). Animals were anesthetized for MR

scanning with an intramuscular (i.m.) injection of a mixed so-

lution of ketamine (60 mg/kg) and acepromazine (2.5 mg/kg)

in 15 ll volume. A 15-min anesthesia was required to immobi-

lize the animal during MR scanning. When the prostate tumor

volume reached approximately 100 mm3, treatment was initi-

ated. Tumor-bearing mice were randomly assigned to one of

the three experimental groups (n¼ 8/group): (1) Dox follow-

ing pFUS exposure (pFUSþDOX group), (2) Dox only

(DOX group), and (3) a control group. MR-guided pFUS treat-

ment was performed using the ExAblate 2000 (InSightec Ltd.,

Tirat Carmel, Israel) with a 1.5T GE MR scanner. Figure 1

shows the experimental setup. Animals were anesthetized for

the pFUS treatment with ketamine and acepromazine in 30 ll

volume i.m. and placed on an acoustic gel pad, which was laid

on the FUS treatment table. Caution was taken to ensure that

the mouse, the acoustic gel, and the treatment table were well

coupled acoustically to avoid the formation of air bubbles. A

ring-shaped surface coil (diameter¼�8 cm) was used for the

MR signal detection. T2-weighted MR images were acquired

using a fast-recovery fast spin-echo (FRFSE) sequence with

parameters: TR/TE¼ 2200/85 ms, NEX¼ 3, matrix¼ 288

� 288, FOV¼ 7� 7 cm2 (resolution¼ 0.243� 0.243 mm2),

and slice thickness¼ 2 mm. Both coronal and axial scans were

performed and the acquired MR images were loaded immedi-

ately into the FUS treatment planning system for treatment

planning (Fig. 2).

Nonthermal sonications were delivered by keeping the

body temperature below 42 �C. The body temperature during

sonication was monitored in real time (�3 s delay) by MR

thermometry using a temperature-induced proton resonance

frequency shift method. MR thermometry scans were

acquired using a fast spoiled gradient echo (FSGR) sequence

with parameters: TR/TE¼ 25.9/12.8 ms, flip angle¼ 30�,
NEX¼ 1, number of echo¼ 1, FOV¼ 22� 22 cm2, matrix

¼ 256� 128, and slice thickness¼ 3 mm. Tumor-bearing

mice from group 1 were exposed to pFUS using the follow-

ing parameters: 1 MHz ultrasound, 25 W acoustic power,

and 1 Hz pulse rate with a 10% duty cycle for 60 s for each

sonication spot. During the pFUS treatment, temperature ele-

vations between 4 and 5 �C were observed under these pFUS

parameters. The focal length was 98–102 mm and the aper-

ture of pFUS transducer was 12 cm. The ultrasound focal

zone is an elongated ellipsoid with a longitudinal length of

6.8 mm (�3 dB) and a radial diameter of 1.25 mm (�3 dB).

The estimated peak-negative pressure in the focal zone was

7.8 MPa and the average acoustic intensity was 20.4

W/mm2. A total of four–eight sonication spots were used to

cover the entire tumor volume depending on the tumor size.

The pFUS parameters were selected based on our tissue

phantom study. Tail vein injections (volume of 100 ll) of

Dox (10 mg/kg) were given to mice in group 1 immediately

after pFUS exposure (within 10 min). Group 2 received the

same Dox injection, but without pFUS exposure. No Dox

injection was given to the control animals.

II.D. Assay for intratumoral doxorubicin content

Mice were euthanized 2 h after the Dox injection assum-

ing the drug had circulated into the prostate tumor. Prostate

tumors were excised, weighed, and homogenized in Eppen-

dorf 1.5 ml tubes. A lysis buffer (800 ll) containing 3%

hydrochloride, 48.5% ethanol, and 48.5% double-distilled

water was added to tissue homogenates, vortexed, and stored

in the dark at 4 �C overnight. The next day the lysates were

centrifuged at 5000 rpm for 10 min at 4 �C and supernatants

were collected. Three 100 ll supernatant aliquots from each

sample were placed in 96-well plates and read with a Fluo-

roskan Ascent microplate fluorometer and luminometer (ex-

citation at 485 nm; emission at 538 nm; Thermo Fisher

Scientific, Waltham, MA). Fluorescence readings were com-

pared with values from a standard calibration curve. The
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calibration curve comprised serial dilutions of Dox and

related the fluorescence readings to the Dox mass [Fig. 4(a)].

The total amount of Dox in each tumor sample was normal-

ized to its weight and expressed as microgram of Dox per

gram of tumor weight. Fluorescence values of the control

samples were subtracted as background.

II.E. Light and fluorescence microscopy analysis

A separate experiment was conducted to compare the Dox

distribution in the tumor tissue with and without pFUS treat-

ment using fluorescence microscopy. Five tumor-bearing

mice were used for this experiment; two received pFUS and

Dox as described above, and two received Dox only. One ani-

mal received no treatment and was used for determination of

the background levels of fluorescence in the tissue. Two

hours following the treatment, animals were euthanized,

tumors were harvested, snap frozen in liquid nitrogen, and

cut into frozen sections using Leica CM1850 cryostat (Leica

Microsystems GmbH, Wetzlar, Germany). Tumor sections

were examined using the Eclipse600 microscope (Nikon

Instruments, Inc., Melville, NY) to determine the difference

of the spatial Dox distribution among various groups.

An additional experiment was conducted to compare histo-

logical changes between pFUS-treated prostate tumors (n¼ 3)

and control, untreated tumors (n¼ 3) using light microscopy.

Tumor-bearing mice were given the same pFUS exposures as

described above and euthanized within 30 min of treatment.

Prostate tumors were removed, fixed in 10% neutral buffered

formalin, and embedded in paraffin. Paraffin blocks were

used to generate the hematoxylin and eosin (H&E)-stained

sections. Slides were examined using a light microscope

(Nikon) to observe histological changes after pFUS treatment.

II.F. Statistical analysis

Measured tumor Dox concentrations were analyzed statisti-

cally. The mean and standard deviation of the mean (SEM)

were calculated and the results were expressed as mean 6 SEM.

To determine if there was a significant difference between

treated and control groups, Student’s t-test was used and a

p-value� 0.05 was considered to be significant.

III. RESULTS

III.A. pFUS-induced temperature elevation

Figure 3 shows the pFUS-induced temperature elevation

based on the tissue phantom study using our experimental

pFUS system (at acoustic frequency 1 MHz, duty cycle 10%,

and pulse rate 1 Hz). Assuming that biological tissues are

not damaged below 42 �C, Fig. 3 suggested that at 25 W

acoustic power the exposure duration of 60 s would be safe

to avoid tissue damage (assuming a normal body tempera-

ture of 37 �C and a <5 �C temperature elevation). It can be

seen that the temperature increases exponentially with the

acoustic power and the acoustic power and sonication dura-

tion follow an inverse relationship. When delivering the

same acoustic energy at a lower acoustic power, a lower

temperature increase was observed due to heat loss.

III.B. Quantitative measurement of Dox uptake in
prostate tumor

Comparison of the Dox concentration in prostate tumors

between mice treated with pFUS (pFUSþDOX) and with-

out (DOX alone) showed a significant increase in Dox

uptake in treated tumors (Fig. 4). Dox concentration in the

pFUS-treated group was 14.9 6 2.5 lg/g, while in the Dox

only group it was 9.5 6 1.6 lg/g. The difference between

these two groups was statistically significant (p¼ 0.05).

There was an approximately 60% increase of Dox uptake in

the prostate tumors exposed to pFUS with the parameters

used in this study. These results were consistent with our

previous studies on Docetaxel.8

FIG. 2. (a) MR coronal and axial views of a typical

mouse prostate tumor for pFUS treatment. (b) Real-

time treatment planning based on acquired MR images

(top: coronal view of sonication spot distribution; mid-

dle: axial view of ultrasound beam passing through the

tumor and the surrounding materials; bottom: a zoomed

coronal view of sonication spots covering the mouse

prostate tumor). Planned sonication spots had a cylin-

drical shape with a diameter of 3.8 mm and a length of

10.3 mm.
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III.C. Spatial Dox distribution in prostate tumor

The enhancement of Dox uptake in pFUS-treated tumors

was confirmed by fluorescence microscopy. Figure 5 shows

typical fluorescence micrographs of prostate tumor tissues

from the three different groups, i.e., control, Dox injection

only, and Dox injection after pFUS treatment. More Dox sig-

nals (emission from Dox) were observed in pFUS-treated tu-

mor tissues compared to those without pFUS treatment.

Images also show the inhomogeneous distribution of Dox in

prostate tumor tissues. The observed distribution was con-

sistent with findings of enhanced Dox uptake quantitatively

measured using the fluorescence technique (Fig. 4).

III.D. Histology analysis

Figure 6 shows histological changes in prostate tumors

with and without pFUS treatment. A significant increase in

the blood cell extravasation was observed in the pFUS-

treated tumors compared with those without the pFUS treat-

ment. There were no implosion cysts21 observed in the tumor

tissues, indicating that no thermal damage occurred as was

observed in thermal ablation. The increase in the blood

extravasations demonstrated the increased permeability of

blood vessels in the tumor tissues. Other histological

changes such as extracellular matrix disintegration or

increased intracellular spacing were not clearly evident.

IV. DISCUSSION

Previous studies by other groups have demonstrated that

pulsed focused ultrasound can enhance local drug uptake in

tumors. These preliminary studies used either a custom-

made ultrasound device or different animal models.4–7,22

Detailed studies are necessary to investigate the potential

clinical applications of pFUS for individual drugs and tumor

types. For example, drug transport into tumor tissues is

affected by several factors, including agent permeability

across the blood vasculature and microenvironment differ-

ence between various types of tumors, such as interstitial

fluid pressure and tumor cell density.23 On the other hand,

tumor microenvironment changes induced by pFUS are most

likely related to the treatment parameters used and also

related to physical properties of the tumor itself. In this

study, we quantitatively investigated the doxorubicin uptake

in the prostate tumor with the aid of MR-guided pFUS. The

orthotopically implanted mouse prostate tumor model was

used to best mimic a clinical scenario. A commercially avail-

able clinical MR-guided pFUS system was used, which is

currently under investigation for its clinical use for pFUS-

FIG. 4. (a) The doxorubicin fluorescence calibration curve showing the fluo-

rescence readings for different mass of Dox. (b) Comparison of tumor Dox

concentration between untreated (DOX) and pFUS-treated groups

(pFUSþDOX). Tumor Dox concentration is defined as microgram of Dox

per gram of tumor weight. In the pFUSþDOX group, it was 14.9 6 2.5 lg/g,

while in the DOX-only group it was 9.5 6 1.6 lg/g (p¼ 0.05).

FIG. 3. pFUS-induced temperature elevation using different acoustic powers

and sonication durations based on the tissue phantom measurement (acoustic

frequency: 1 MHz; duty cycle: 10%; pulse rate: 1 Hz). The red dashed line

indicates a 5 �C temperature elevation, which will increase the body temper-

ature to 42 �C, assuming a normal body temperature of 37 �C. The white

dotted line indicates the same acoustic energy delivered using different

acoustic power and the temperature elevation changes.
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enhanced drug delivery. Our study showed that pFUS expo-

sures significantly enhanced the uptake of Dox in prostate

tumors with increased blood extravasation.

The interactions between pFUS and tissues lead to several

effects including mild temperature elevation due to local

energy absorption, cavitation due to sufficiently low fluid

pressure, and tissue strain due to radiation force. Previous

mechanistic studies of pFUS enhancing effects suggested

that the temperature elevation has no significant contribution

to the delivery enhancement.24 Instead, it is more likely due

to the cavitation and radiation force that induce changes of

local tissue properties such as increased vascular permeabil-

ity and interstitial transport. In murine calf muscle exposed

to pFUS, cavitation was detected using an in vivo monitoring

technique.24 Enlarged gaps between mice muscle fibers

exposed to pFUS were clearly observed immediately or even

24 or 48 h after the pFUS treatment.4 Extravasation was evi-

dent in several previous pFUS enhancement studies4,7,24 as

well as in this study. From a biomechanics viewpoint, the

acoustic intensity or pressure applied on the tissue plays a

major role in cavitation and radiation force and may directly

determine the types of bioeffects. Previous pFUS studies

have used various acoustic intensities ranging from �2.2,8

�11.1,7 �13.7,6,7,25 to �26.6 W/mm2 (Refs. 4, 24, and 26)

for different tissues such as tumors and muscle. While differ-

ent levels of pFUS enhancing effects were observed, it is

not clear which acoustic intensity will give the maximal

enhancement. A systematic parametric study using different

acoustic intensities would be necessary in future studies.

Practically, several issues must be investigated for the use

of pFUS as a modality to mediate the drug delivery to tumors,

such as the acoustic power, focal spot temperature, and time

point of drug injection. The temperature elevation at the focal

spot is affected by several factors including the energy input

rate, temperature gradient to surrounding region, and thermal

transfer coefficient of the material. Increasing the energy

input rate will increase temperature of the focal zone while a

large temperature gradient and thermal transfer coefficient

will increase the thermal flux out of the focal zone and

decrease the temperature. The balance between the acoustic

power and the heat loss in the focal zone determines the tem-

perature elevation. As a result, higher temperature elevation

was observed when using higher acoustic power, even though

the total energy delivered did not change as seen in Fig. 3. In

addition, a higher acoustic power of 25 W was used to

enhance the Dox uptake in tumor which has an estimated

peak-negative pressure of 7.8 MPa in the focal zone. Increas-

ing the acoustic power will increase the pressure at the focal

zone, which may finally lead to increased interstitial space

and vessel wall opening and enhance drug uptake in tumors.

However, in order to keep the final body temperature at a

safe level, the option to increase power is limited due to the

increased temperature as shown in Fig. 3. Higher pressure

also has a tendency to induce other effects such as eruption of

microbubbles.1 The time point of drug injection may also

play an important role in optimal drug delivery enhancement.

In this study, drug was injected i.v. immediately after the

pFUS exposure. For clinical applications, this could be done

simultaneously with the pFUS exposure or at different time

points to achieve a better uptake.

The results from this study are consistent with our previous

study of enhanced [3H]-docetaxel uptake in prostate tumors,

where a lower acoustic power (4 W), higher duty cycle (50%),

and pulse rate (5 Hz) were used for pFUS treatment with the

same clinical MR-guided FUS system.8 While the drug trans-

port properties might differ between Dox and Docetaxel,

enhanced uptake was observed in both studies with different

data analysis tools. In this study, Dox was used for quantitative

study by taking advantage of its fluorescence properties. Dox

FIG. 5. Fluorescence photomicrographs of the Dox distribution in prostate

tumors for different groups (control, DOX: Dox injection only; pFUS

þDOX: Dox injection after pFUS treatment). Images were acquired with a

magnification of 10� (left column) and 20� (right column).

FIG. 6. H&E staining of mouse prostate tumor without

pFUS treatment (a) and with pFUS treatment (b)

(�20). Note the increased extravasation of blood cells

in the pFUS-treated tumor.
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also has a relatively long circulation time which allows suffi-

cient plasma Dox concentration for the delivery enhancement

study. According to the previous studies on humans and

mice,19,27,28 the terminal half-life of Dox was approximately

25–30 h. The level of pFUS enhancing effects may be deter-

mined by pFUS parameters. Specific pFUS parameters may

exist to maximize the drug uptake enhancement, and further

studies are needed to investigate such optimal pFUS parame-

ters for maximal Dox uptake. This study provides a quantita-

tive method for such systematic studies.

This study showed that Dox uptake in prostate tumors can

be enhanced significantly by nonthermal pFUS. These

results demonstrate the clinical potential of pFUS-mediated

drug delivery for prostate tumor treatment. By enhancing the

local Dox uptake in tumors, lower doses could be used to

achieve the same treatment efficiency while significantly

reducing its side effects, leading to improved quality of

patient care. In addition, tumors exposed to pFUS with simi-

lar parameters also showed significant tumor growth delay.29

As a result, pFUS may not only enhance the local drug

uptake but also cause additional tumor cell killing. These

combined effects may provide a promising modality for

prostate cancer therapy. Future studies should be designed to

investigate the optimal pFUS parameters and treatment regi-

mens to achieve the maximal therapeutic effect.
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